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This paper discusses the possibilities of reducing the angular errors of circular optical scales
fabricated by lift-off photolithography, using photomasks synthesized by means of a CLWS-300
laser image generator. © 2013 Optical Society of America.
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INTRODUCTION
The method of lift-off photolithography has been widely
used in fabricating precision circular optical scales (dials).1,2
The most important technical characteristic of dials is the
angular error of placement of the rulings, and the most often
encountered form of angular error is the angular error of
placement of the diameters of the axes of the rulings. For
the indicated form of angular error, the result of a measure-
ment on the AS700 apparatus can be represented as3,4
Fx  Fmonx  Fpmx  Fexp 2x  Fsubx; (1)
where x is the angular position of the ruling, Fmonx are the
errors introduced by the AS700 monitoring apparatus, Fpmx
are the errors introduced by the CLWS-300 laser image
generator5 via the topology of the photomask, Fexp 2x are
the errors introduced by the exposure operation because the
exposure-setting plate deviates from a plane and forms a
gap of variable size between the substrate and the photomask,
and Fsubx are the errors caused by the shape of the substrate
(wedge, deviation of the working side from a plane, etc.).
The phase–statistical method makes it possible to separate
Fmonx from Fpmx  Fexp 2x  Fsubx.6 The dependen-
ces of the angular error of placement of the diameters of
the axes of the dial rulings will then have the form
Fdialx  Fpmx  Fexp 2x  Fsubx: (2)
The Fexp 2x dependences of the angular error of place-
ment of the diameters of the axes of the dial rulings introduced
by the exposure operation are mainly determined by the
second harmonic.4 It can be assumed that these dependences
are fairly constant for a specific exposure setting. At the same
time, the indicated dependences can change as a result of a
change of the amplitude of the second harmonic when the tilt
angle of the exposure-setting plate changes.4 The Fpmx
dependences of the angular error of placement of the diameters
of the axes of the dial rulings introduced by the CLWS-300
laser image generator via the photomask topology are
associated with the corresponding F imx dependences of the
circular optical scales fabricated by means of the CLWS-300
image generator,7 following the relationship
F imx  −Fpm−x: (3)
It has been established that the dependences of the angular
errors of placement of the diameters of the axes of the rulings
of circular optical scales fabricated by means of the CLWS-
300 laser image generator are determined by the specific syn-
thesis conditions and can significantly differ from each other.7
These dependences are mainly determined by the second as
well as the fourth harmonic. The accumulated errors of place-
ment of the diameters of the axes of the rulings can vary from
1.5 to 4 or more arc seconds. The dependences of the angular
errors of placement of the diameters of the axes of the rulings
of circular optical scales fabricated by means of a CLWS-300
laser image generator are thus distinguished by the set of
harmonics (their amplitudes and phases), as well as by the size
of the accumulated errors. Further studies showed that, when
circular optical scales are synthesized on free-lying substrates,
the dependences of the angular errors of placement of the
diameters of the axes of the rulings are determined by the
second harmonics, which are close in phase and amplitude,
while the accumulated errors do not exceed 1.5 arc sec.8 This
means that there is a possibility of obtaining photomasks of
circular optical scales the dependences of the angular errors
of which are predetermined to a sufficient degree.
The Fsubx dependences of the angular error of the place-
ment of the diameters of the axes of the dial rulings caused by
the shape of the substrate are specific to each substrate but
are apparently largely determined by the second harmonic.7
There are significant difficulties in separating the Fsubx
dependences from the other dependences. The accumulated
error Fsubx of placement of the axes of the rulings caused
by the shape of the substrate is about 0.7 arc sec for a specific
substrate.7 It was established earlier9 that, when dials are
fabricated by lift-off photolithography, the angular errors can
be either increased or decreased. The conditions under which
the accumulated angular errors increase or decrease were not
determined. The cause of the increase or decrease of the
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accumulated angular errors is apparently the interaction of the
Fpmx and the Fsubx  Fexp 2x dependences. The accumu-
lated angular errors of the dials will increase if the phases
of the second harmonics of these dependences are close,
but the accumulated angular errors will decrease if the second
harmonics are out of phase. The resulting photomasks, which
have definite and repeating dependences of the angular errors,
give the possibility of creating a technology for obtaining
dials that have the minimum angular errors. The task of this
investigation is to determine whether the angular errors of
circular optical scales (dials) fabricated by lift-off photolithog-
raphy can be reduced because of the interaction of the Fpmx
and Fsubx  Fexp 2x dependences.
EXPERIMENTAL TECHNIQUE
ACLWS-300 laser image generatorwas used to fabricate a
photomask that consists of a closed circular scale consisting of
360 transparent rulings 8μmwide on a scale 90mm in diameter.
The zero ruling is narrowed on each side by 0.5 μm. The photo-
mask was recorded on a free-lying chrome-plated substrate.
Three polished substrates having a deviation from a plane
no worse than N  10 and ΔN  2 were used for the inves-
tigation. A scale was formed on each substrate by multiple
lift-off photolithography, using a chromiummasking coating.1,2
The zero ruling for each formation of the scale was at approx-
imately the same site relative to the exposure-setting plate. The
scale was formed with the photomask placed on the exposure-
setting plate in two positions, the angle betweenwhichwas 90°.
For the first position of the photomask, a scale was formed on
each substrate with a slope angle of the exposure-setting plate
equal to 0°. For the second position of the photomask, a scale
was formed on each substratewith slope angles of the exposure-
setting plate equal to 1°, 0°, and −0.5°. Eighteen measurements
were made on the AS700 dial-testing apparatus for each scale.
The measurements were made with the dial rotated relative to
the spindle axis of the apparatus by 20°. The position of the
narrowed ruling was determined from the characteristic iso-
lated overshoot on the dependences of the angular error of
placement of the boundaries of the rulings. Then, in accordance
with the phase–statistical method, all the resulting dependences
of the angular errors of placement of the diameters of the axes of
the rulingswere averaged, with the narrowed ruling being taken
each time for the zero ruling. This gave the Fdialx dependence
for each scale. After each series of measurements, the scale was
removed chemically and was then deposited afresh.
EXPERIMENTAL RESULTS AND DISCUSSION
The dependences of the angular errors of placement of the
diameters of the axes of the rulings corresponding to Eq. (2) are
obtained for each substrate from the experimental results. The
accumulated errors of placement of the diameters of the axes of
the rulings for the dials fabricated with the first position of the
photomask and a slope angle of the exposure-setting plate equal
to 0° have values from 2.41 to 2.49 arc sec, and this exceeds the
corresponding accumulated error of the circular scale of the
photomask (1.5 arc sec).8 The subsequent studies were there-
fore carried out for dials fabricated with the second position
of the photomask on the exposure-setting plate. The phase
of theFpmx dependence in this case is displaced by 90°, while
the phase of the second harmonic of the indicated dependence
changes so that it is out of phase. As a result, the accumulated
angular errors of placement of the diameters of the axes of the
rulings for a slope angle of the exposure-setting plate equal to 0°
range from 1.25 to 2.01 arc sec. Changing the slope angle of the
exposure-setting plate can change the accumulated error of
placement of the diameters of the axes of the rulings. An in-
crease of the slope angle of the exposure-setting plate by 1° re-
sults, on the whole, in some increase of the accumulated error.
A decrease of the slope angle of the exposure-setting plate by
0.5° results in an appreciable reduction of the values of the ac-
cumulated errors. (The results of this part of the paper are col-
lected in Table 1.) It is impossible to reduce the slope angle of
the exposure-setting plate further because of its design features.
The Fdialx dependence of the angular error of placement of
the diameters of the axes of the rulings for the scale deposited
on substrate no. 3 with a slope angle of the exposure-setting
plate equal to −0.5° is shown in Fig. 1.
The interaction of the Fpmx and Fsubx  Fexp 2x de-
pendences can cause the accumulated errors to either increase
or decrease. The stability of the Fpmx and Fexp 2x depend-
ences makes it possible to determine fairly accurately the
exposure conditions (the placement of the photomask on the
exposure-setting plate) for which the angular errors are mini-
mized. The interaction of the Fpmx and Fsubx  Fexp 2x
dependences under definite conditions makes it possible to
reduce the accumulated angular errors of placement of the
diameters of the axes of the rulings to values close to 1 arc
sec. The scatter of the values of the accumulated angular errors
of placement of the diameters of the axes of the rulings for
TABLE 1. Accumulated angular errors of placement of the diameters of the
axes of the rulings
Accumulated Angular Error (arc sec)
Position of
Photomask
Slope Angle of
Table, deg
Substrate
No. 1
Substrate
No. 2
Substrate
No. 3
1 0 2.41 2.49 2.41
2 0 1.33 2.01 1.25
2 1 1.91 2.08 1.17
2 −0.5 1.04 1.23 0.95
-0.6
0
0.6
0 90 180 270 360
Angle, deg
Er
ro
r, 
ar
c 
se
c
FIG. 1. The Fdialx dependence of the angular errors of placement of the
diameters of the axes of the rulings. Substrate No. 3, slope angle −0.5°.
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different substrates under other identical conditions is caused
by the individual character of the Fsubx dependences.
CONCLUSION
Our studies have allowed us to determine that there is a
possibility of reducing the accumulated angular error of
placement of the diameters of the axes of the dial rulings to
values close to 1 arc sec because of the interaction of the
Fpmx dependence of the angular errors introduced by
the CLWS-300 laser image generator via the topology of the
photomask and the Fexp 2 dependence of the angular errors in-
troduced by the exposure operation plus the Fsubx depend-
ence influenced by the substrate shape. Apparently, if the
Fsubx dependence is determined and separated out for each
substrate, the possibility appears of compensating the Fpmx
and Fexp 2x dependences more fully. The conditions for
carrying out the exposure can change in this case. The accu-
mulated errors can be reduced by displacing the phase of the
Fpmx dependence when the photomask is synthesized, in
order to more accurately approximate the phase shift to 90°
relative to the phase of the Fexp 2x dependence.
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